A multi-stage transformation (MST) has been observed in cold-worked Ti-50.3 at%Ni shape memory alloy by differential scanning calorimetry (DSC). When thickness reduction reaches about 5% strain, the phenomenon is able to occur in 50.3 at%Ni alloy. The multi-stage transformation behavior is due to interior microstructure variation, i.e., texture formation and defects aggregation which caused localized stress fields and affected the phase transformation behavior.
Introduction
TiNi alloys exhibit various exceptional qualities as shape memory effect, super-elasticity, corrosion resistance, biocompatibility, and mechanical properties. After thermomechanical treatments, cold-deformation or adding a third element, the phase transformation sequence can be changed from one stage to multi-stage transformation on cooling and heating process. [1] [2] [3] [4] Liu and colleagues 5) investigated the effect of deformation-induced martensite via martensite reorientation and stress-induced martensitic transformation in NiTi. In their reports, DSC curve of various deformed reductions just appeared two stage transformation, B2-R-M transformation in cooling and heating. In 2005, S. K. Wu et al. 6) have observed four-stage transformation in the severely deformed sample with specific annealing conditions. They proposed a mechanism based on non-homogeneous distribution of grain size for a solution-treated TiNi material followed by cold rolling and subsequence annealing. D. Chrobak et al. 7) reported that four-stage transformation appeared in a 5% deformed Ti-50.6 at%Ni sample after annealing treated. They proposed the non-homogeneous distribution of dislocations to explain the MST behavior.
Generally, Ni-rich NiTi alloys were discovered to exhibit multi-stage martensitic transformation after some specific aging treatments. In recent years, some scholars [8] [9] [10] [11] [12] [13] proposed many different theories about large-scale heterogeneity of grain boundary precipitation and small-scale heterogeneity of local stress field on MST. In 2007, L. J. Chiang et al. 14) proposed a clear explanation for MST. In their study, the age-induced four-stage transformation behavior has provided a complete definition using largescale and small-scale mechanism. However, the aforementioned MST studies of cold deformation are almost focus on single phase (B2 or B19 0 ), for the TiNi alloy of two coexisted phase remains unclear. The main object of this study is to perform a four-stage transformation caused only by cold-rolling without other thermomechanical treatments and provide a small-scale heterogeneity of local stress field explanation.
Experimental Procedure
A Ti-50.3 at%Ni alloy was prepared by conventional tungsten arc-melting technique (VAR). Bulk specimens were first homogenized in vacuum (24 h, 1323 K), quenched in ice water (276 K). All bulk specimens were hot-rolled at 1123 K into thin plates and then cut into test specimens. After solution treating at 1123 K for 1 h, cold-worked treatments were carried out at RT for multiple percentage of thickness reduction. Transformation behaviors of the specimens were studied using a DSC-910 differential scanning calorimeter (DSC) with a constant cooling and heating rate of 5 K/min. The DSC measurements were performed from 123 to 423 K. The characteristic temperatures (M s , M f , A s and A f ) of the specimens were determined from the results of DSC. The method of partial DSC cycles was employed to investigate the transformation sequences. The specimen was heated up to 423 K from room temperature first and the measurement was recorded on 423 K. SEM observations were taken by using a LEO-1530 FESEM. The specimens for OM and SEM were chemical etched using HF :
The Vickers microhardness was measured by using a Future-tech microhardness tester. Ti-50.3 at%Ni samples were cold worked in two coexisted phase of austenite and martensite. Specimens for transmission electron microscopy were prepared by twin-jet electro-polishing with an electrolyte consisting of 20% H 2 SO 4 and 80% CH 3 OH by volume. TEM observations were carried out by using a JOEL-JEM 100CXII at 100 kV and JOEL-2000EX at 200 kV. Figure 1 shows that the DSC curve of Ti-50.3 at%Ni samples in the solution treated state and after cold rolling with various thickness reduction. The transformation temper-ature in the solution treated sample were M s = 293 K, M f = 268 K, A s = 284 K and A f = 318 K, respectively. Therefore, the solution treated sample is composed of the austenite (B2) and martensite phase (B19 0 ) at RT. It is clearly seen that the solution treated sample undergo one stage B2-B19 0 transformation. When the thickness reduction reaches 5%, the multi-stage transformation behaviors occur, which are four pairs of transformation peaks on cooling and heating process. The multiple-stage transformation phenomenon was not apparent in the sample cold rolled over 10%. In order to understand the four-stage transformation behavior, the technique of partial DSC cycles was used on the sample with 5% cold rolling. Four pairs of transformation peaks (are marked peak 1 peak 4 on cooling and peak 4 0 peak 1 0 on heating, as shown in Fig. 2 ) were characterized respectively by individual temperature hysteresis of 35, 33, 30 and 25 K. The results prove the four pairs of transformation should be all martensitic transformation (B2-M) due to their larger temperature hysteresis compare to B2-R. The both martensitic transformation temperature of the first and second pairs are higher than the observed in solution-treated sample, which suggest the two pairs transformation should be caused by cold rolling, not thermal martensite. Generally, cold deformation mechanism is raised the reverse temperature of the stress induced martensite and further caused martensite stabilization; moreover, the forward and reverse temperature of thermal martensite can be lowered and have a clear discrepancy between stress induced martensite and thermal martensite. The last two pairs of transformation are speculated that it is B2-M transformation owing to a large temperature hysteresis (about 28 K) and the transformation temperature range is close to that of solution-treated sample. Therefore, it is inferred that the Ti-50.3 at%Ni samples with 5% cold rolling exhibits the four B2-M phase transformation behaviors.
Results and Discussion

DSC results
Optical microstructure and hardness
In 2005, for four-stage transformation, S. K. Wu et al. 6) proposed a mechanism based on non-homogeneous distribution of grain size for a solution-treated TiNi material followed by cold rolling and subsequence annealing. Figure 3 shows the optical micrograph obtained from the cross section of the sample with 5% and 10% cold rolling. Figure 3(b) , (c) shows the distribution of Vickers microhardness of the whole cross-section area. There are no apparent changes in hardness value from sample surfaces to the central part in both deformed samples and the distribution of grain size is homogeneous in the whole sample. This implies the whole sample was uniformly cold rolled, in which caused four stage transformation not as a result of the non- Cold Rolling-Induced Multistage Transformation in Ni-Rich NiTi Shape Memory Alloyshomogenous distribution of grain size between sample surface and central part.
SEM observations
SEM examinations were performed on samples that were solution-treated and 5% deformed. There were not significant differences in the SEM morphology of two samples as shown in Fig. 4(a) and (b), in which grain shape was same as that in the optical micrograph. Subsequently, the conditions for the bulk SEM sample preparation were in accordance with the first two partial DSC peaks; the sample was heated over A f and cooled to RT (close to peak 1), in which phase transformation process just passed through peak 1 and the morphology of the first B2-M transformation was seen that martensite plates nucleated and grew on the grain boundary, as shown in Fig. 4(c) . The martensite plate of the first phase transformation is slender and grows along a particular orientation. When further cooling to 283 K (close to peak 2) the tiny martensite grew between the slender martensitic plates, as shown in Fig. 4(d) . When the temperature continued down to peak 3, it did not retain the martensitic microstructure of peak 3, the reason is that the peak 3 0 temperature is below RT. Therefore, it is inferred that the first B2-M transformed on the grain boundary and the second B2-M transformation branched on the first martensitic plates.
TEM observations 3.4.1 Regions close to grain boundary
Thin foil TEM specimens were prepared at 268-278 K and TEM observations (293 K) were at room temperature similar to the third partial DSC cycles as shown in Fig. 2 . The DSC results show that the 5% deformed samples had already experienced the first two B2-M transformations and a small amount peak 3 transformation. Thus, the microstructures observed in the TEM should be the same as those shown in the measurements of bulk specimens. After coldrolling, some irreversible lattice defect (like vacancy and dislocation) was lead-in, aggregated on the grain boundary and caused local retained stress in matrix of the deformed sample. In such conditions, two different microstructures were found in the grain boundary region and grain interior. This area, marked by A in Fig. 5(a) , was close to grain boundary (marked by G. B) and a large amount of martensite plates appeared. The morphology was similar to SEM observation (Fig. 4(d) ) and further proved the occurred location of the first B2-M transformation. In the enlarged image (Fig. 5(b) ), dislocation and black contrast stress field were found existed in the B2 matrix and B2/ B19 0 boundary. And it can clearly be seen that the black plates were generated along martensite boundary of the first transformation, not straight and almost all the plates arranged along a certain direction, proved the same transformation morphology as the SEM observations was the second B2-M transformation. The SAD pattern as shown in the inset displayed the relationship of B2 and B19 0 . The area marked by B in Fig. 5(a) was in the grain interior and shown different morphology with the region of grain boundary. The further study would be discussed in the next section.
Grain interior
In the SEM experiments, the microstructure of deformed sample close to peak 1 and peak 2 has shown in Fig. 4 , the microstructure of peak 3 was difficult to be obtained, which is due to close to RT. The temperature of TEM specimen preparation was at peak 3; therefore, the third B2-M transformation can occur. Figure 5(c) shows the morphology of the grain interior and displays a difference microstructure with that close to grain boundary (shown in Fig. 5(a) ). The morphology of martensite nucleated around black contrast stress field caused by the dislocation and other lattice defects in the grain interior is considered that it is the third B2-M transformation and can not be related to the first two B2-M transformations. And this is because the above SEM observation of grain interior just appears B2 and no clear B19 0 ; thus, it is confirmed that B2 transformed into B19 was discovered to form from the entangled position of martensite plates and grow along two specific directions. And the indicated diagram showed in the inset and exhibited a preferred orientation in further cooling process. However, there is no significant difference in the martensite growing mechanism in the interior. The curve of the last two partial DSC cycles, as shown in Fig. 2 , is found that peak 3 and peak 4 are mixed and continuous. Therefore, as for the fourth transformation peak on cooling, it may be consequently attributed to the expansion of B19 0 martensite and consuming of untransformed B2 phase with movement of the B2/B19 0 interfaces into matrix. The small martensite plates as marked by array may be the fourth transformation and just be generated on the B2/B19 0 boundary, provided a useful evidence of B19 0 martensite nucleating position as shown in Fig. 5(d) . Figure 5 shows evidence of significant dislocation aggregation after cold-rolling in the sample deformed 5% at RT. Therefore, the multi-stage transformation can be expected to be deeply affected by these defect-induced local stress fields, in which provided a local nucleating position in the matrix. This is also why the growing B19 0 martensite induced by oriented stress field to grow in preferential directions. Further study of in situ experiment is required to explain the behaviors of reverse transformation in detail.
Conclusions
The effects of cold rolling on martensite transformation were studied on TiNi SMA. The cold rolled deformation of TiNi causes defect generation, resulted in a four-stage transformation was discovered to occur in 50.3 at%Ni alloy deformed 5% at RT. The transformation sequence on cooling was identified to be all the same B2-M transformation. The first two transformations on cooling were suggested to occur in the regions close to grain boundary. The third transformation was suggested to occur in the grain interior. And the last one was suggested that it is retain B2 transformed B19 0 in the whole matrix. The heterogeneous defects cause the formation of small-scale heterogeneities which induced localized stress fields and affect the phase transformation sequence.
